We calculate the magnetic moments of spin-3 2 singly charmed baryons in the heavy baryon chiral perturbation theory (HBChPT). The analytical expressions are given up to O(p 3 ). The heavy quark symmetry is used to reduce the number of low energy constants (LECs). With the Lattice QCD simulation data as the magnetic moments of the charmed baryons, the numerical results are given up to O(p 3 ) in three scenarios. In the first scenario, we use the results in the quark model as the leading order input. In the second scenario, we use the heavy quark symmetry and neglect the contribution of heavy quark. In the third scenario, the heavy quark contribution is considered on the basis of the scenario II and the magnetic moments of singly bottom baryons are given as a by-product.
I. INTRODUCTION
The singly heavy baryon contains a heavy quark and two light quarks. The two light quarks form the3 f and the 6 f representation in the SU(3) flavor symmetry. With the constraint of Fermi-Dirac statistics, the spin of the3 f and the 6 f diquarks are 0 and 1, respectively. Thus, the total spin of the3 f heavy baryon is 1 2 while that of the 6 f heavy baryon is either The electromagnetic form factors are important properties of the hadrons, which can reveal their inner structures. The magnetic moments of hadrons especially attract much attention from the theorists and experimentalists [1] [2] [3] [4] [5] [6] [7] . The magnetic moments of the singly charmed baryons were investigated in naive quark model in Ref. [8] . In Ref. [9] , the relativistic effect was considered. The magnetic moments and charge radii of the charmed baryons are calculated [9] . The SU(4) chiral constituent quark model was also adopted to calculated the (transition) magnetic moments of spin- 1 2 and spin-3 2 charmed baryons [10] . The masses and magnetic moments of heavy flavor baryons were calculated in hyper central model in Ref. [11] . The magnetic moments of spin-3 2 heavy baryons were obtained using the effective mass and screened charge scheme [12] . Besides the above quark models, the MIT bag model was employed to get the magnetic moments of heavy baryons [13] , which were reexamined in Ref. [14] . The magnetic moments of charmed baryons were calculated in the skyrmion description [15] . The mass and magnetic moments of the heavy flavored baryons were calculated in the QCD sum rules [16] [17] [18] . The magnetic moments of the lowest-lying singly heavy baryons were investigated in the chiral quark-soliton model [19] . The (transition) magnetic moments and charge radii of charmed baryons were simulated with the Lattice QCD recently [20] [21] [22] [23] .
The chiral perturbation theory (ChPT) is a model-independent method to study the hadron properties [24] [25] [26] . When one performs the ChPT in the baryon sector, the nonvanashing baryon mass in chiral limit will mess up the power counting used in the pure meson sector. The heavy baryon chiral perturbation theory (HBChPT) was introduced to solve the problem [27, 28] . The HBChPT is expanded by the momenta of pseudoscalar mesons and the residual momenta of heavy baryons. The HBChPT was widely performed to calculated the electromagnetic properties of baryons. The magnetic moments of octet and decuplet baryons were calculated in HBChPT scheme [29] [30] [31] [32] [33] [34] . The (transition) magnetic moments of doubly heavy baryons were investigated in Refs. [35] [36] [37] . The magnetic moments of singly charmed baryons were calculated up to the next-to-next-to-leading order in HBChPT [38, 39] . In our recent work, we calculated the magnetic moments of spin-1 2 singly charmed baryons up to the O(p 3 ) [40] . The dynamics of singly heavy hadron is constrained by both the chiral symmetry in light quark sector and heavy quark symmetry in heavy quark sector. The heavy quark symmetry and the chiral symmetry were often combined to investigate the singly heavy hadrons. In Ref. [41] , the authors constructed the chiral Lagrangians of heavy mesons (Qq) and heavy baryons (Qqq) and calculated their strong and semileptonic weak decays incorporating with heavy quark symmetry. The decay properties of singly heavy hadrons were calculated in a formalism which combines the chiral symmetry and the heavy quark symmetry [42] [43] [44] [45] [46] [47] . The electromagnetic decays of D s0 (2317) and D s1 (2460) are investigated in the heavy-hadron chiral perturbation theory with the heavy quark symmetry [48] .
In this work, we calculate the magnetic moments of the spin-3 2 singly heavy baryons in the HBChPT scheme. In Section II, we perform the multiple expansion of the electromagnetic current matrix element for spin-3 2 baryons. In Section III, we construct the Lagrangians used in calculating the magnetic moments. In Section IV, we calculate the analytical expressions of the magnetic moments order by order up to O(p 3 ). In Section V, we reduce the numbers of independent LECs in our analytical results with the heavy quark spin symmetry. We give the numerical results in three scenarios in Section VI. Some discussions and a brief conclusion are given in the Section VII. The integrals used in this work and some by-products are listed in the Appendix. 
II. ELECTROMAGNETIC FORM FACTORS OF THE SPIN-

BARYONS
Constrained by the time reversal (T), the parity (P), charge conjugate (C) and the gauge invariance, the matrix element of the electromagnetic current for spin-3 2 particles takes the following form [49, 50] ,
with
where p and p ′ are the momenta of the spin-
M T is the baryon mass and u σ is the Rarita-Schwinger spinor [51] .
The charge (E0), electro-quadrupole (E2), magnetic-dipole (M1), and magnetic octupole (M3) form factors read
where
On the right-hand side, we omit the variable q 2 of F i for convenience. The magnetic-dipole form factor is related to the magnetic moment as
In HBChPT scheme, The baryon momentum p µ is decomposed into the M T v µ and a residual momentum k µ , where v µ is the velocity of the baryon and v 2 = 1. The baryon field T is decomposed into a "light" field T (x) and a "heavy" field N (x),
After integrating out the heavy degrees of freedom, one gets the nonrelativistic Lagrangians. In the HBChPT scheme, the theory is expanded by either the momenta of the pseudoscalar mesons or the residual momenta of the baryons. In the HBChPT scheme, the matrix element of the electromagnetic current J µ is reduced as [34] T
The chiral covariant QED field strength tensors F ± µν are defined as
In order to introduce the chiral symmetry breaking effect, we define χ ± ,
where B 0 is a parameter related to the quark condensate and m u,d,s is the current quark mass.
where the superscript denotes the chiral order. The X means the trace of field X. The covariant derivative of Goldstone fields is define as
The leading order Lagrangians for singly heavy baryons read
where g i is the axial charge. In this work, we ignore the mass splitting among the particles in the same multiplet. M3, M 6 and M 6 * are the average baryon masses for the antritriplet, spin-1 2 sextet and spin-3 2 sextet, respectively. In the framework of HBChPT, the leading order nonrelativistic Lagrangians read
where we ignore the terms suppressed by 1 MT . δ 1,2,3 are the mass differences between different multiplets,
B. The next-to-leading order chiral Lagrangians
The O(p 2 ) baryon-photon Lagrangians contributing to the magnetic moments read: where d i and f i are the coupling constants.X = X − 1 3 X is the traceless part of the field X. The f 9 and f 10 terms contribute to the leading order magnetic moments of spin-3 2 heavy baryons in the tree diagrams. Other terms will contribute to the higher order magnetic moments in the loop diagrams. The nonrelativistic form of Eq. (28) reads
+ H.c.
We also construct the O( 
C. The higher order chiral Lagrangians
According to the group representation theory, there are seven interaction terms in O(p 4 ) Lagrangians which contribute to the O(p 3 ) magnetic moments in the tree diagrams [40] . The χ + = 4B 0 diag(0, 0, m s ) = 4B 0 m sχ+ at the leading order. We use theχ + as the building block and the B 0 and m s are absorbed into the LECs. There are only two independent nonvanishing terms
IV. ANALYTICAL EXPRESSIONS
The leading order magnetic moments are at O(p), which stem from O(p 2 ) vertices in Eq. (29):
There are two unknown LECs f 9 and f 10 at this order. Bφ . The diagrams (c) and (d) vanish for the structure v µ u µ in the amplitude [34, 37] . The corrections from the loops (a)-(d) read
The loop diagrams contribute to the magnetic moments of the spin- 
where the n II 1 (ω, m φ ) is the loop integral given in Appendix A. The β φ is the coefficient in Table I . There exist three LECs g 3,4,5 to be determined at this order.
The O(p 3 ) magnetic moments come from both the tree diagrams and the loop diagrams. The vertices of tree diagrams are from the interaction in Eq. (31) . The results of the tree diagram read,
The loop diagrams (e)-(l) in 
f9 + 2f10 1 3 f9 + 2f10 − f9 
where β φ , γ φ i , ρ φ , δ φ , ξ φ and η φ are the coefficients of loops, which are given in Table I . There are thirteen new LECs introduced at this order.
V. INDEPENDENT LECS IN THE HEAVY QUARK LIMIT
There are eighteen unknown LECs in the analytical expressions in Eqs. (32)- (42) [44, 47] ,
whereH µ is the conjugate field of H µ . v µ is the velocity of heavy quark. In the heavy quark limit, the v µ also corresponds to the velocity of the heavy baryon. This field H µ is constrained by
The H µ follows the same chiral transformation in Eq. (15) . In Refs. [44, 47] , the authors constructed the axial coupling Lagrangian of the sextet baryons in heavy quark symmetry,
The LECs in L
Bφ are reduced to two independent LECs, g a and g b :
g 6 is the coupling constant between pseudoscalar mesons and antitriplet heavy baryons. The light spin S l = 0 for the antitriplets. The pseudoscalar mesons only interact with the light degree in the heavy baryon. Thus, the parity and angular momentum conservation forbid the g 6 vertex.
The interaction in L
Bγ in heavy quark symmetry corresponds to
The eight LECs
Bγ are reduced to three LECs g c , g d and g e :
For spin- 
In the heavy quark symmetry, the LECs in Eqs. (50) and (51) can be related to those in Eqs. (30) and (31) . The Lagrangians in the heavy quark limit read
The LECs are related as
We decompose the F + µν into the trace part F + µν and traceless partF + µν , which correspond to the contributions from the light quarks and the heavy quark, respectively. The contribution from the heavy quark to the magnetic moments is order of 1 mc . Thus, heavy quark contribution and the LECs, g d,g vanish in the heavy quark limit. Thus, in this limit, there are seven nonvanishing independent LECs, d 2 and g a,b,c,e,f,h , contributing to the magnetic moments of the sextet baryons. [20, 21, 23] . "
√ " represents the results used as input. →B3 from the quark model and the leading order results in HBChPT.
d2 + 2d3
(µs − µu)
f4 0
VI. NUMERICAL RESULTS
In the present work, we perform the numerical analysis with three scenarios. In the first scenario, we use the LECs determined by our previous work [40] . Three new LECs, f 8 , h 2 and h 4 are related to d 4 , s 2 and s 4 through the heavy quark spin symmetry. In the second scenario, we reduce the number of the LECs in the heavy quark limit and adopt the Lattice QCD simulation results as input. In the third scenario, we include the heavy quark contribution on the basis of the scenario II. As a by-product, we also give the magnetic moments of singly bottom baryon.
In the three scenarios, we all use the same axial coupling values. The axial coupling constants g 2 and g 4 in Eq. (26) are estimated through the decay widths of Σ c and Σ * c , respectively [53, 54] . The other g i are related to g 2 and g 4 with the help of quark model. Their values are
A. Scenario I
In our previous work [40] , we calculated the magnetic moments of the spin-1 2 singly heavy baryons. All the LECs in Eq. (29) have been evaluated through the quark model. Here, we review the idea in brief. The vertices in Eq. (29) contribute to the leading order (transition) magnetic moments in the HBChPT scheme. We assume that their values are approximate to those estimated by the naive quark model. Then, we can extract these LECs. The (transition) magnetic moments from the quark model and the leading order results in HBChPT are given in Table III and IV. Apart from the axial coupling constants and the O(p 2 ) baryon-photon coupling constants, we have three new LECs in the present work. In our previous work, d 4 , s 2 and s 4 have been determined by fitting three Lattice QCD results, and µ B * 6 →B 6 from the quark model and the leading order results in HBChPT. Table II . With the relations in Eq. (53), we obtain the values of f 8 , h 2 and h 4 . In this scenario, we keep the mass splitting between the spin- 
We have determined all the LECs in the analytical expressions up to O(p 3 ). We give the numerical results in two schemes. In the first scheme, we include the spin- The mass splittings δ 1,2,3 do not vanish in the chiral limit, which will worsen the chiral convergence. Due to the large mass splitting δ 3 , about 194 MeV, including the spin-1 2 antitriplet will destroy the chiral convergence. As for the spin- sextet is important. Thus, we choose the results from the second scheme, in the right panel of Table V , as our final results.
B. Scenario II
According to Section V, we reduce the LECs to five unknown independent ones with the heavy quark symmetry. In this scenario, we make use of six Lattice QCD results in Table II to determine them. In the heavy quark limit, the spin- 
In this scenario, we also apply two schemes to estimate the LECs. In the first scheme, we consider all the singly charmed baryons as the intermediate states.
The results are given in the left panel of Table VI. In the second scheme, we set g e = 0 and decouple the3 f and 6 f singly charmed baryon in the loop diagrams. The results are given in the right panel of Table VI . The results in the left panel suffer from the bad convergence, which are even worse than those in the first scheme in the scenario I. The quark model predictions are comparable with the Lattice QCD results. Taking the quark model results as the leading order input at least ensure a dominant O(p 1 ) contribution in scenario I. Comparing results in the two panels of Table VI, although the total values are similar, the chiral convergence in the second scheme improve significantly. Including the antitriplet as the intermediate states break the chiral convergence. Thus, we also choose the results from the second scheme as our final results in this scenario.
In the second scheme, the magnetic moments of sextet baryons do not depend on the antitriplet. In the sextet sector, we determine three unknown LECs and obtain twelve magnetic moments. Thus, this scenario has powerful predictions.
C. Scenario III
In the Lattice QCD simulation [20, 21, 23] , the contribution of heavy quark and light quarks to the magnetic moments are given separately. The heavy quark contribution for Ξ 
where the superscript "c" denotes the contribution from the charm quark. According to the quark model in Tables  III and IV , the heavy quark contribution is µ c , − singly charmed baryon magnetic moments from the scenario III (in unit of µN ) . We take B3, B6 and B * 6 as the intermediate states in the left panel, while we only take the B6 and B * 6 in the right panel. The "HQ" represents the heavy quark contribution.
SIII
with B3, B6 and B * 6
with B6 and B * 6 The magnetic moments of singly bottom baryon sextet (in unit of µN ). The "HQ" represents the heavy quark contribution. The light quark contritbution is the same as that for singly charmed baryon in Table XIII. spin-
HQ Total spin- In scenario III, we can easily extend our formalism to calculate the magnetic moments of singly bottom baryons. In the heavy quark limit, the light contribution for a bottom baryon is the same as that for the charmed baryon. The heavy quark part is estimated using the quark model. We adopt the constituent mass m b = 4700 MeV. The magnetic moments of singly botom baryons are given in Table VIII . singly charmed baryon magnetic in the literature, including the Lattice QCD (LQCD) [21] , the hyper central model (HCM) [11] , effective mass (EM) and screened charge scheme (SC) [12] , chiral constituent quark model (χCQM) [10] , light-cone QCD sum rules (LCQSR) [16] , MIT bag model [13, 14] , Skyrmion [15] scheme and chiral quark-soliton model (χQSM) [19] 
VII. DISCUSSION AND CONCULSION
We calculate the magnetic moments of spin- 2 sextets belong to the same doublet. The five unknown LECs are fitted using six Lattice QCD results. In the third scenario, we add the heavy quark contribution explicitly on the basis of scenario II. In this scenario, we also evaluate the magnetic moments of singly bottom baryons as a by-product. Including the spin- We give our final results and those from other schemes in Table X . Compared with the scenario II, the scenario III includes the heavy quark contribution. The results in scenario III tend to be closer to those from other schemes. Thus, the 1 mc effect may be not negligible. While the bottom quark is much heavier, its contribution in the singly bottom baryons can be neglected. In the scenario I, no Lattice QCD results for spin- The other schemes in Table X include the Lattice QCD [21] , the hyper central model [11] , effective mass and screened charge scheme [12] , chiral constituent quark model [10] , light-cone QCD sum rules [16] , MIT bag model [13, 14] , Skyrmion scheme [15] and chiral quark-soliton model [19] . Our results from all scenarios are less than those from other schemes in general. Same tendency also appeared in the magnetic moments of spin-1 2 charmed baryon [40] . In fact the Lattice QCD results which we used as input are also less than other schemes. In the Lattice QCD simulation, in order to extract the results with physical pion mass, the rough linear or quadratic extrapolation was used in Ref. [20] .
We have calculated the magnetic moments of spin-3 2 singly heavy baryons analytically to O(p 3 ). The convergence of the chiral expansion is good in our numerical results. For the lack of experimental data, we have to adopt heavy quark symmetry and the quark model to reduce and estimate our LECs. Our numerical results can be improved with the new experimental results and the new Lattice QCD simulation results in the future. Meanwhile, our analytical expressions can help the chiral extrapolation in Lattice QCD simulation. The LECs determined in this work can also be used to study other physical properties, for instance, the electromagnetic decay of singly heavy baryon. 
where L(λ) is the infinite term: 
• Other integrals
The infinite terms are absorbed by the renormalization of the coefficients and the L(λ) term is omitted in the following expression. 
